Anaerobic ammonium-oxidizing (anammox) bacteria mediate a key step in the biogeochemical 22 nitrogen cycle and have been applied worldwide for the energy-efficient removal of nitrogen from 23 wastewater. However, outside their core energy metabolism, little is known about the metabolic 24 networks driving anammox bacterial anabolism and mixotrophy beyond genome-based 25 predictions. Here, we experimentally resolved the central carbon metabolism of the anammox 26 bacterium Candidatus Kuenenia stuttgartiensis using time-series 13 C isotope tracing, 27 metabolomics, and isotopically nonstationary metabolic flux analysis (INST-MFA). Our findings 28 confirm predicted metabolic pathways used for CO2 fixation, central metabolism, and amino acid 29 biosynthesis in K. stuttgartiensis, and reveal several instances where genomic predictions are not 30 supported by in vivo metabolic fluxes. This includes the use of an incomplete oxidative 31 tricarboxylic acid cycle, despite the genome not encoding a known citrate synthase. We also 32 demonstrate that K. stuttgartiensis is able to directly assimilate formate via the Wood-Ljungdahl 33 pathway instead of oxidizing it completetly to CO2 followed by reassimilation. In contrast, our 34 data suggests that acetate is fully oxidized to CO2 via reversal of the Wood-Ljungdahl pathway 35 and partial TCA cycle activity, followed by reassimilation of the produced CO2. Together, these 36 2 findings highlight the versatility of central carbon metabolism in anammox bacteria and will enable 1 the construction of accurate metabolic models that predict their function in natural and engineered 2 ecosystems. 3 4 Main 5
nitrogen cycle and have been applied worldwide for the energy-efficient removal of nitrogen from 23 wastewater. However, outside their core energy metabolism, little is known about the metabolic 24 networks driving anammox bacterial anabolism and mixotrophy beyond genome-based 25 predictions. Here, we experimentally resolved the central carbon metabolism of the anammox 26 bacterium Candidatus Kuenenia stuttgartiensis using time-series 13 C isotope tracing, 27 metabolomics, and isotopically nonstationary metabolic flux analysis (INST-MFA). Our findings 28 confirm predicted metabolic pathways used for CO2 fixation, central metabolism, and amino acid 29 biosynthesis in K. stuttgartiensis, and reveal several instances where genomic predictions are not 30 supported by in vivo metabolic fluxes. This includes the use of an incomplete oxidative 31 tricarboxylic acid cycle, despite the genome not encoding a known citrate synthase. We also 32 demonstrate that K. stuttgartiensis is able to directly assimilate formate via the Wood-Ljungdahl 33 pathway instead of oxidizing it completetly to CO2 followed by reassimilation. In contrast, our 34 data suggests that acetate is fully oxidized to CO2 via reversal of the Wood-Ljungdahl pathway 35 and partial TCA cycle activity, followed by reassimilation of the produced CO2. Together, these 36 incorporate CO2 into central carbon metabolism based on K. stuttgartiensis' genome annotations, 1 catalyzed by pyruvate:ferredoxin oxidoreductase (PFOR), 2-oxoglutarate:ferredoxin 2 oxidoreductase (OFOR), pyruvate carboxylase, and phosphoenolpyruvate carboxylase 2,4 . Products 3 from these reactions are proposed to flow through the tricarboxylic acid (TCA) cycle, 4 gluconeogenesis, and the pentose phosphate pathway to synthesize all biomass precursor 5 metabolites 2,4 . Since K. stuttgartiensis apparently lacks a citrate synthase gene, it has been 6 hypothesized that the TCA cycle operates in the reductive direction via OFOR to synthesize 7 essential precursor metabolites, such as alpha-ketoglutarate 4 . However, these genome-based 8 predictions of K. stuttgartiensis' metabolic network remain to be tested. 9
Here, we experimentally resolved the central carbon metabolism of a planktonic K. 10 stuttgartiensis cell culture (more than 95% enriched) using time-series 13 C isotope tracing, 11 metabolomics, and isotopically nonstationary metabolic flux analysis (INST-MFA). Our results 12
show that several of the metabolic predictions summarized above, which were primarily based on 13 genomic evidence, are not supported by the flux of metabolites experimentally observed. For 14 instance, K. stuttgartiensis operates an incomplete oxidative TCA cycle despite having no 15 predicted citrate synthase gene. We also demonstrate that K. stuttgartiensis is able to directly 16 assimilate formate via the Wood-Ljungdahl pathway instead of oxidizing it to CO2 before 17 assimilation. On the contrary, we show that acetate is fully oxidized to CO2 via a reversed Ljungdahl pathway and a partial TCA cycle, followed by reassimilation of the produced CO2. 19 These findings highlight the versatility of carbon metabolism in K. stuttgartiensis and provide 20 fundamental insights on the metabolic networks controlling anammox bacterial anabolism. 21 22
Results 23
Mapping anammox autotrophic metabolism. To elucidate the central carbon metabolic network 24 of K. stuttgartiensis under chemolithoautotrophic growth conditions, we first performed time-25 series isotopic tracer experiments with 13 C-bicarbonate coupled to metabolomic analysis. 26
Planktonic K. stuttgartiensis cells were cultivated under steady-state conditions in a continuous-27 flow membrane bioreactor using minimal media supplemented with ammonium and nitrite. 28
Subsequently, 13 C-labelled bicarbonate was rapidly introduced into the bioreactor to a 29 concentration of 30 mM (approximately 65% 13 C-dissolved inorganic carbon, DIC), which 30 incorporated into K. stuttgartiensis' metabolome over time. Samples were collected over a 3-hour 1 period to trace metabolic network structure based on rates of metabolite 13 C-enrichment. 2 Based on proposed carbon assimilation pathways for anammox bacteria 2,4 , we expected 3 that CO2 fixation would largely occur through the Wood-Ljungdahl pathway and PFOR, resulting 4 in fast labelling of acetyl-CoA and pyruvate, followed by phosphoenolpyruvate and other 5 downstream metabolites. However, despite the almost immediate labeling of 6 phosphoenolpyruvate, 13 C-enrichment of acetyl-CoA and pyruvate was slow during the 3-hour 7 experiment ( Figure 1a ; Figure 1b ). One hypothesis for this observation is substrate channeling, 8
where the product of one enzymatic reaction is directly passed to the next enzyme without 9 opportunity to equilibrate within the cytoplasm 20 . Substrate channeling has been previously 10 reported as a mechanism to protect highly labile intermediates of the Wood-Ljungdahl pathway 21, 22 11 or regulate acetyl-CoA biosynthesis 23 , and in K. stuttgartiensis it could be combined with PFOR 12 to form a channel from CO2 to phosphoenolpyruvate. An alternative explanation could be that 13 different pools of acetyl-CoA and pyruvate exist through compartmentation. For example, the 14 Wood-Ljungdahl pathway and PFOR activities could occur in one compartment or specific 15 cytoplasmic location 24 , where other pools of acetyl-CoA and pyruvate that do not get labelled exist 16 in another, diluting the overall 13 C metabolite measurements. Consistent with the latter, amino 17 acids synthesized from pyruvate (i.e., valine, and alanine) showed faster labelling and higher 13 C-18 enrichment (Figure 1a ; Figure 1b ). 19
Acetyl-CoA and pyruvate are expected to enter the TCA cycle and gluconeogenesis to 20 produce biomass precursors. Since K. stuttgartiensis' genome does not encode a citrate synthase 21 required to operate the oxidative TCA cycle, it is hypothesized that synthesis of key precursor 22 metabolites, including succinyl-CoA and alpha-ketoglutarate, occurs via the reductive direction 4 
. 23
If this hypothesis is correct, we would expect to observe high 13 C-labelling of oxaloacetate, 24 succinate, and alpha-ketoglutarate. While fast labeling of aspartic acid, which was used as a 25 surrogate for oxaloacetate labelling, implied high activity of phosphoenolpyruvate (or pyruvate) 26 carboxylase, 13 C-labelling of succinate was much less and slower than the labelling of alpha-27 ketoglutarate (Figure 1b; Figure 1c ). This suggested that OFOR and other reductive TCA cycle 28 enzymes were not operating in K. stuttgartiensis to synthesize alpha-ketoglutarate. 29
Other biomass precursors are additionally predicted to be synthesized from 30 gluconeogenesis and the pentose phosphate pathway in K. stuttgartiensis 2 . Consistent with this, 31 we observed fast 13 C-labeling of the gluconeogenic intermediates 3-phosphoglycerate, fructose 6-1 phosphate, and glucose 6-phosphate, as well as pentose phosphate pathway intermediates, such as 2 sedheptulose 7-phosphate and ribose 5-phosphate ( Figure 1b ; Figure 1c ; Supplementary Dataset 3 1). 4 5 13 C-formate tracing confirms formate assimilation pathways and oxidative TCA cycle in K. 6 stuttgartiensis. We further probed central carbon metabolism with 13 C-formate. While it has been 7 proposed that anammox bacteria fully oxidize organic substrates, such as formate, to CO2 4 , we 8
hypothesized that formate could be assimilated by K. stuttgartiensis via the methyl branch of the 9
Wood-Ljundahl pathway. This would result in a positionally labelled acetyl-CoA pool that would 10 provide additional information on metabolic network activity (Figure 2a ). 11
We tested this hypothesis by rapidly introducing 13 C-formate into fresh continuous cultures 12 of K. stuttgartiensis to a concentration of 50 mM followed by metabolome sampling over 180 13 minutes (14 timepoints total). Within 1.5 minutes of 13 C-formate introduction, we observed steady-14 state labelling of several central metabolites, including phosphoenolpyruvate ( Figure 2b consistent with their synthesis from acetyl-CoA via the sequential reactions of PFOR, 20 phosphoenolpyruvate synthase, and phosphoenolpyruvate (or pyruvate) carboxylase, respectively. 21
Since only a very minor fraction of the M+2 mass isotopomer were detected in these metabolites 22 (<3% over initial 45 minutes), it can be concluded that intracellular 13 C-CO2 concentrations 23 remained low during the experiment. Consistent with this, measured 13 C-DIC content in the liquid 24 media produced from 13 C-formate oxidation was low, increasing to only 5% over 45 minutes 25 ( Figure 2b ). This supports the inference that 13 C-inorganic carbon incorporation into metabolites 26 was insignificant compared to the rate of incorporation via 13 C-formate. Similar to 13 C-bicarbonate 27 experiments, slower labelling of acetyl-CoA and pyruvate was observed during the 13 C-formate 28 tracer experiments (Figure 2b ; Figure 2c ). This further supports the hypothesis that separate 29 intracellular pools of these metabolites may exist in K. stuttgartiensis. 30 13 C-formate labelling experiments also allowed us to analyze operation of the TCA cycle. 1
If the reductive TCA cycle was operating in K. stuttgartiensis only a single carbon in alpha-2 ketoglutarate would be labelled (from oxaloacetate), while two carbons would be labelled if alpha-3 ketoglutarate was produced oxidatively (from oxaloacetate and acetyl-CoA). Consistent with the 4 latter route, mass isotopomer distributions for citrate and alpha-ketoglutarate consisted largely of 5 M+2 mass isotopomers (Figure 2c ). This clearly demonstrates that alpha-ketoglutarate was 6 produced via an oxidative TCA cycle in K. stuttgartiensis, and not via the reductive TCA cycle. 7
On the contrary, malate, fumarate, and succinate pools were largely comprised of M+1 mass 8 isotopomers ( Figure 2c ), which suggests that a bifurcated TCA cycle was operating. 9
The labelling patterns of TCA cycle metabolites suggest that K. stuttgartiensis uses a novel 10 or highly divergent enzyme for citrate synthesis. While no citrate synthase is annotated in the K. 11 stuttgartiensis genome, several acyltransferase candidates exist, including genes annotated as (R)-12 citramalate synthase (KSMBR1_RS19040) believed to be involved in isoleucine biosynthesis 25 13 and redundant copies of 2-isopropylmalate synthase (KSMBR1_RS18315 and 14 KSMBR1_RS10820). In particular, one of the 2-isopropylmalate synthase genes 15 (KSMBR1_RS10820) is phylogenetically related (55.1% identity) to Re-citrate synthase identified 16
in Clostridium kluyveri 26 and is located next to an ADP-forming succinate-CoA ligase of the 17 oxidative TCA cycle. Therefore, we posit that this gene encodes a dedicated Re-citrate synthase 18 that allows the oxidative TCA cycle to be operational in K. stuttgartiensis. 19
20
Multiple pathways for sugar phosphate biosynthesis? Results from the 13 C-formate tracer 21 experiments also allowed for closer examination of pentose and hexose sugar phosphate 22 biosynthesis in K. stuttgartiensis. Because the labelled pools of 3-phosphoglycerate and 23 dihydroxyacetone phosphate were largely comprised of M+1 mass isotopomers, we expected 24 fructose 6-phosphate to largely consist of M+2 mass isotopomers based on gluconeogenesis 25 reactions ( Figure 3a ). However, a considerable fraction of fructose 6-phosphate ( Figure 3b ) and 26 glucose 6-phosphate (Supplementary Dataset 1) were consistently present as M+1 mass 27 isotopomers during the 13 C-formate tracer experiment (~25-45%). While it is possible that this 28 labeling pattern was produced during the period when the M+1 isotopomers of dihydroxyacetone 29 phosphate and glyceraldehyde 3-phosphate were ~50% (<1.5 minutes), it more likely suggests that 30 alternative pathways exist for sugar phosphate biosynthesis in K. stuttgartiensis. 31 1 Amino acid biosynthetic pathways. 13 C-formate tracer results were also used to confirm major 2 amino acid biosynthetic pathways in K. stuttgartiensis. Our data supports the synthesis of 3 aspartate, asparagine, and threonine via canonical routes from oxaloacetate; the synthesis of 4 glutamate glutamine, proline, and arginine from alpha-ketogluturate; and the synthesis of serine 5 from 3-phosphoglycerate ( Supplementary Figure 1 ). Labelling patterns for valine, alanine, and 6 leucine support their production via canonical branched chain amino acid biosynthesis pathways 7 from pyruvate ( Supplementary Figure 1) . Interestingly, isoleucine biosynthesis was not supported 8 by canonical routes from threonine, but rather via a recently described citramalate-dependent 9 pathway from acetyl-CoA and pyruvate 27,28 (Supplementary Figure 1 ). Finally, labeling patterns 10 supported the synthesis of the aromatic amino acids, phenylalanine and tyrosine from erythrose 4-11 phosphate and phosphoenolpyruvate via the shikimate pathway ( Supplementary Figure 1 ). These 12 amino acid biosynthetic pathways were consistent with pathways predicted from the K. 13 stuttgartiensis genome annotation. 14 Despite the K. stuttgartiensis genome lacking an annotated pathway for methionine 15 biosynthesis, methionine was labelled during both 13 C-formate and 13 C-bicarbonate experiments. 16
Canonical precursors for methionine biosynthesis include aspartic acid and methyl-THF (from 17 formate via methyl-branch of Wood Ljungdahl pathway), thus if this pathway were operating, we 18 would expect to see mainly M+2 methionine. However, a considerable pool of M+1 methionine 19 was consistently observed in our experiments ( Supplementary Figure 1 ), suggesting that a 20 potentially novel pathway is operating to synthesize methionine in K. stuttgartiensis that remains 21 to be elucidated. 22
23
Acetate oxidation pathway of anammox bacteria. In addition to formate, we also examined the 24 impact of acetate on K. stuttgartiensis' metabolic network. While it has been proposed that 25 anammox bacteria can oxidize acetate to CO2 8, 29 , the pathways used for acetate oxidation and 26 whether or not acetate is assimilated into biomass have yet to be resolved. If acetate were oxidized 27 to CO2, we expected that it would initially be incorporated into acetyl-CoA based on previous 28 enzymatic studies with AMP-forming acetyl-CoA synthetase (KSMBR1_RS14485) 30 , followed 29 by oxidation to CO2 via either the oxidative TCA cycle or reversal of the Wood-Ljungdahl 30 pathway, as previously suggested for other anaerobic chemolithoautotrophic bacteria 31, 32 (Figure  1 4a). 2
To elucidate metabolic pathways involved in acetate metabolism, we rapidly introduced 3 [2-13 C]acetate into active continuous cultures of K. stuttgartiensis to a final concentration of 10 4 mM and sampled the metabolome over 180 minutes (12 timepoints). Within 1.5 minutes after [2-5 13 C]acetate addition, we observed steady-state enrichment of the M+1 mass isotopomer of acetyl-6
CoA, indicating its synthesis via CoA acetylation ( Figure 4c ). Considerable 13 C-labelling of citrate 7 and glutamate was also observed, suggesting partial oxidative TCA cycle activity ( Figure 4c ). 8
However, the mass isotopomer distributions for citrate and glutamate contained heavier mass 9 isotopomers (up to M+4) and appeared more evenly distributed, an observation more consistent 10 with the labeling patterns observed during 13 C-bicarbonate tracing ( Figure 1c ) versus 13 C-formate 11 tracing ( Figure 2c ). This pattern can be explained by additional acetate oxidation via the reverse 12
Wood-Ljungdahl pathway to 13 C-CO2, followed by reincorporation of 13 C-CO2 into central 13 metabolites. In agreement with this, mass isotopomer distributions for all other measured 14 metabolites, including phosphoenolpyruvate, 3-phosphoglycerate, dihydroxyacetone phosphate, 15 and fructose 6-phosphate, had relatively even distributions of 13 C-labelled mass isotopomers, 16
suggesting they were also synthesized from re-incorporated 13 C-CO2 ( Figure 4c ). Since 13 C-17 enrichment for most of these metabolites were approximately 2-10 times higher than that of 13 C-18 CO2 in the media (Figure 4b ), we conclude that 13 C-CO2 re-incorporation was faster than the efflux 19 of 13 C-CO2. 20 Surprisingly, metabolites that labelled rapidly during 13 C-bicarbonate and 13 C-formate 21 experiments, including phosphoenolpyruvate and 3-phosphoglycerate, labelled slowly with 13 C-22 acetate (Figure 4c ). This could be additional evidence that spatial separation of carbon metabolism 23 occurs in K. stuttgartiensis, contributing to different pools of acetyl-CoA and pyruvate. Separation 24 of the AMP-forming acetyl-CoA synthetase and potentially other central metabolism enzymes to 25 the outer membrane and periplasm has been reported in the chemolithoautotrophic archeon 26
Ignicoccus hospitalis 33 . Interestingly, this enzymes shares homology with the AMP-forming 27 acetyl-CoA synthetase found in K. stuttgartiensis 30 and both organisms have ATPases localized to 28 their outer membranes (van Niftrik, 2010, PNAS, 2010). While this raises the possibility that 29 similar spatial separation of metabolism may be present in K. stuttgartiensis, further experimental 30 validation is required. 31 1 13 C protein stable isotope probing confirms substrate uptake by K. stuttgartiensis. To confirm 2 uptake of labelled substrates into the biomass of K. stuttgartiensis cells, we performed shotgun 3 proteomics on peptides extracted from bioreactor cell pellets collected during 13 C-labelling 4 experiments. Metaproteomic analysis of samples collected after 0 and 72 hours confirmed that 13 C-5 bicarbonate was incorporated into the K. stuttgartiensis proteome, increasing at a median relative 6 isotope abundance of ~50%, consistent with the 13 C-DIC content of the liquid media 7 (Supplementary Figure 2) . Incorporation of 13 C-formate and [2-13 C]acetate into the K. 8 stuttgartiensis proteome was also detected after 72 hours at median relative isotope abundances of 9 ~30% and ~10%, respectively (Supplementary Figure 2) . These values are consistent with the use 10 of the Wood-Ljungdahl pathway for formate assimilation, and with re-assimilation of 13 C-CO2 11 produced from acetate oxidation, as the 13 C-DIC in the liquid media held at ~11% between 5 and 12 72 hours ( Figure 4b Wood-Ljungdahl pathway, PFOR, and phosphoenolpyruvate (or pyruvate) carboxylase, which are 23 the main CO2 fixation reactions that we observed in K. stuttgartiensis ( Figure 5 ). INST-MFA also 24 supported alpha-ketoglutarate production via the oxidative TCA cycle. Moreover, instead of 25 running a bifurcated TCA cycle, the INST-MFA analysis predicts that the M+1 isotopomers of 26 fumarate, succinate, and malate were indirectly derived from aspartic acid as a result of histidine 27 and arginine biosynthesis ( Figure 5 ). This suggests that the TCA cycle in K. stuttgartiensis 28 operates incompletely, essentially functioning to produce alpha-ketoglutarate (amino acid 29 precursor) and recycle intermediates of amino acid biosynthesis. Considerable oxidative pentose 30 phosphate pathway flux was also measured ( Figure 5 ). As no transhydrogenase could be identified 1 in the genome, it is likely that this pathway is key for NAPDH generation in K. stuttgartiensis. 2 INST-MFA also allowed us to query alternative reactions for the unexpected labelling 3 patterns of sugar phosphates during 13 C-formate tracer experiments. The genome annotation of K. 4 stuttgartiensis has genes coding for hexulose 6-phosphate synthase and 6-phospho-3-5 hexuloisomerase (KSMBR1_RS05220 and KSMBR1_RS18790, respectively). These are key 6 enzymes of the ribulose monophosphate (RuMP) pathway, a formaldehyde assimilation pathway 7 in many methylotrophic bacteria 35 . Together, these reactions fix formaldehyde to fructose 6-8 phosphate via a hexulose 6-phosphate intermediate 35 . We hypothesize that these reactions, as well 9
as an unidentified formaldehyde dehydrogenase, could explain the considerable M+1 pentose and 10 hexose phosphate isotopomers observed during 13 C-formate labelling ( Supplementary Figure 3 and/or metabolic channeling in these pathways. This may enable faster pathway kinetics, avoid 29 degradation of unstable tetrahydrofolate-based intermediates, or limit competition between 30 competing reactions, as has been shown with other pathways 36,37 . 31
We also elucidated the role of the Wood-Ljungdahl pathway for formate assimilation by 1 K. stuttgartiensis and show that reversal of this pathway can additionally be used for acetate 2 oxidation. This may further support the metabolism of K. stuttgartiensis in their anaerobic habitats, 3
where these compounds likely exist as fermentation products 38, 39 . Together, these findings provide 4 insight into the mechanisms underlying the observed versatility of anammox bacteria 40 and may 5 inform strategies to control anammox-based bioprocesses via organic substrate addition 41 . 6
Our elucidation of K. stuttgartiensis' in vivo metabolic network fluxes will spur further 7 quantitative studies on anammox metabolism and enable the construction of accurate genome-8 scale metabolic models to predict anammox bacterial physiology. We believe that when integrated 9 with metabolic models of other nitrogen cycling bacteria 42 , drastic improvements in the prediction 10 and control of anammox-based biotechnologies and biogeochemical processes will be possible. labelled substrates were rapidly introduced (within 1 minute) into the bioreactor containing K. 30 stuttgartiensis cells growing under steady-state conditions. Initial reactor concentrations of 31 bicarbonate, acetate and formate were approximately 30 mM, 5 mM and 50 mM respectively. 1
Following 13 C-label introduction, 5 ml samples were rapidly withdrawn from the reactor at 2 timepoints 0, 1.5, 3, 5, 8, 11, 15, 20, 30, 45, 60, 90, 120, and 180 minutes. Samples were 3 immediately filtered (Millipore 0.45 µm hydrophilic nylon filter HNWPO4700) using a vacuum 4 pump to remove the medium, and filters were placed face down in 1.5 ml of -80 o C extraction 5 solvent (40:40:20 acetonitrile:methanol:water) for cell quenching and metabolite extraction. 6
Samples were then centrifuged (10,000 rpm, 4°C, 5 mins) and 1 ml of cell-free supernatant was 7 collected and stored at -80°C for metabolomic analysis. The time 0 min sample corresponded to 8 the period directly before 13 C-label addition. The ratio of 13 C/ 12 C DIC remained constant during 9 the course of the experiment as determined by gas chromatography coupled with mass 10 spectrometry (GC-MS) analysis (See method below). 11
12
Metabolomic analysis 13
Samples were analysed using a high-performance HPLC of-fit between measured and computationally simulated metabolite mass isotopomer distributions 25 using least-squares regression. All metabolite mass isotopomer distribution measurements and 26 model reactions used for flux determination are provided in Supplementary Datasets 1 and 2,  27 respectively. The biomass equation was based on experimental measurements of the amino acid 28 composition obtained from K. stuttgartiensis biomass pellets ( Supplementary Table 1 ). 29
Pseudofluxes were added to the model for specific metabolites to account for inactive metabolite 30 pools that did not participate in metabolism, but contributed to measured metabolite labelling 31 patterns, similar to Ma et al. (2014) 50 . Chi-squared statistical tests were performed on resulting 1 flux distributions to assess goodness-of-fit, and accurate 95% confidence intervals were computed 2 for all estimated parameters by evaluating the sensitivity of the sum-of-squared residuals to 3 parameter variations 51 . 4
5
Amino acid composition analysis 6
Cultures were centrifuged (10,000 rpm, 15 mins, 4°C) to obtain cell pellets, which were 7 subsequently freeze-dried prior to analysis. Total protein concentration was determined using the Reducing equivalents shown in pink; ATP shown in green; CO2 shown in blue. fdh: formaldehyde 10 dehydrogenase 
